
Site-specific acetylation mark on an essential
chromatin-remodeling complex promotes
resistance to replication stress
Georgette M. Charlesa,b, Changbin Chena, Susan C. Shiha, Sean R. Collinsc, Pedro Beltraoc, Xin Zhangd, Tanu Sharmaa,
Song Tane, Alma L. Burlingamed, Nevan J. Kroganb, Hiten D. Madhania,1, and Geeta J. Narlikara,1

Departments of aBiochemistry and Biophysics, cCellular and Molecular Pharmacology, and dPharmaceutical Chemistry and bTetrad Graduate Program,
University of California, San Francisco, CA, 94158; and eCenter for Gene Regulation, Department of Biochemistry and Molecular Biology,
Pennsylvania State University, University Park, PA 16802

Edited by Jasper Rine, University of California, Berkeley, CA, and approved May 10, 2011 (received for review January 21, 2011)

Recent work has identified several posttranslational modifications
(PTMs) on chromatin-remodeling complexes. Compared with our
understanding of histone PTMs, significantly less is known about
the functions of PTMs on remodeling complexes, because identi-
fication of their specific roles often is hindered by the presence of
redundant pathways. Remodels the Structure of Chromatin (RSC) is
an essential, multifunctional ATP-dependent chromatin-remodeling
enzyme of Saccharomyces cerevisiae that preferentially binds acet-
ylated nucleosomes. RSC is itself acetylated by Gcn5 on lysine 25
(K25) of its Rsc4 subunit, adjacent to two tandem bromodomains.
It has been shown that an intramolecular interaction between the
acetylation mark and the proximal bromodomain inhibits binding
of the second bromodomain to acetylated histone H3 tails. We
report here that acetylation does not significantly alter the cata-
lytic activity of RSC or its ability to recognize histone H3-acetylated
nucleosomes preferentially in vitro. However, we find that Rsc4
acetylation is crucial for resistance to DNA damage in vivo. Epi-
static miniarray profiling of the rsc4-K25R mutant reveals an in-
teraction with mutants in the INO80 complex, a mediator of DNA
damage and replication stress tolerance. In the absence of a core
INO80 subunit, rsc4-K25R mutants display sensitivity to hydroxy-
urea and delayed S-phase progression under DNA damage. Thus,
Rsc4 helps promote resistance to replication stress, and its single
acetylation mark regulates this function. These studies offer an
example of acetylation of a chromatin-remodeling enzyme con-
trolling a biological output of the system rather than regulating
its core enzymatic properties.

Regulation of DNA accessibility within chromatin is enabled by
the combined action of ATP-dependent chromatin-remod-

eling complexes and histone-modifying enzymes. Histone-modi-
fying enzymes introduce covalent posttranslational modifications
(PTMs) at specific locations. These PTMs either affect chromatin
conformation directly or act as a signal for the recruitment of
specific factors (1). ATP-dependent chromatin-remodeling com-
plexes noncovalently alter chromatin conformation and compo-
sition using the energy of ATP (2). Intriguingly, these complexes
also contain several different PTMs including acetylation and
phosphorylation (2). However, compared with the functional
effects of PTMs on histones, the functional effects of these PTMs
are less well understood.
Subunits of ATP-dependent chromatin-remodeling complexes

often contain domains capable of recognizing specific PTMs.
This phenomenon has been best studied in the context of histone
tail acetylation, which is recognized by protein modules, called
“bromodomains” (1, 2). In the SWI/SNF subfamily of remodelers,
many subunits contain bromodomains (2), which have been
shown to facilitate recruitment of these complexes to acetylated
nucleosomes (3–7). Recent work has shown that bromodomains
can bind acetylation marks in cis. Specifically, an acetylation
mark on Rsc4, a subunit of RSC, the major SWI/SNF family
remodeling complex in budding yeast, is bound in cis by one of its
two bromodomains, bromodomain 1 (BD1) (8). The interaction
between the acetylated Rsc4 N-terminus and BD1 was shown to

reduce the ability of the adjacent bromodomain 2 (BD2) to bind
histone H3 tail peptides acetylated at K14 (8). These observa-
tions suggested an attractive model in which occupancy of BD1
by the acetylated Rsc4 N terminus reduces the affinity of BD2,
and thereby the affinity of the whole RSC complex, for acety-
lated nucleosomes (8). The model is consistent with observations
indicating that Rsc4 contacts the nucleosome surface during
remodeling (9). However, this model has not yet been tested in
the context of nucleosomes. Moreover, although GCN5 deposits
the acetylation mark on Rsc4, the biological role served by this
mark remains unknown. Point mutations of the Rsc4 acetylation
site display only mild phenotypes. Another chromatin-remodel-
ing enzyme, Drosophila ISWI, has been shown similarly to be an
in vivo and in vitro target of Gcn5 (10). However, the biological
role of this acetylation mark also is unknown. In general, com-
pared with our understanding of the role of histone acetylation
by Gcn5, less is known about the functional impact of nonhistone
modifications catalyzed by this enzyme, probably because of the
challenges associated with unmasking the functions of individual
PTMs in the context of redundant pathways (11).
We report here a series of studies that elucidate the impact of

the single acetylation mark on Rsc4 both on RSC’s catalytic ac-
tivity in vitro and on its biological function in vivo. We find that
acetylation of Rsc4 does not significantly affect RSC catalytic ac-
tivity or its ability to recognize acetylated nucleosomes. To un-
cover the biological role of Rsc4 acetylation from redundant
pathways, we determined whether a point mutation of the acety-
lation site has a more severe phenotype in the absence of specific
additional genes. We found that the K25 acetylation mark plays
a key role in resistance to DNA damage, in a manner that appears
to be regulated by its interaction with BD1. Further, Rsc4 acety-
lation acts in parallel with the INO80-remodeling complex to
promote S-phase progression in cells subject to replication stress.

Results
Acetylation of the RSC Complex Does Not Substantially Alter Re-
modeling Activity or Substrate Specificity. To determine whether
acetylation affects the binding and catalytic activities of the
RSC complex, RSC complexes from WT and rsc4-K25R mutant
strains were compared (12) (Fig. 1A). We confirmed the absence
of acetylation in the mutant complex using quantitative immu-
noblotting with an anti-acetyllysine antibody and an anti-TAP
antibody (Fig. 1B). Loss of Rsc4 acetylation does not alter
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complex integrity or stoichiometry significantly (Fig. 1A and SI
Appendix, Fig. S1A).
We first assessed the extent of acetylation on the WT RSC

complex. RSC complexes were purified from cells that either
contained or lacked Gcn5, which is required for Rsc4 acetylation
(8, 13). We then quantified whether the purified complexes could
be acetylated further in vitro. Gcn5 is the core histone acetyl-
transferase subunit in the multisubunit acetyltransferase SAGA
complex, and the Ada2 and Ada3 subunits of SAGA enhance
Gcn5 activity on histone H3 in the context of nucleosomes (14).
We found that thisminimal SAGAcomplex (mSAGA), containing
Gcn5, Ada2, and Ada3 acetylates Rsc4 in the gcn5ΔRSC complex
to a level comparable to that of Rsc4 in the WT RSC complex (SI
Appendix, Fig. S1B). In addition, mSAGA does not significantly
increase the acetylation level of Rsc4 in theWTRSC complex (SI
Appendix, Fig. S1C). These observations suggest that the majority
of RSC inWT cells is acetylated on Rsc4. Interestingly, we further
observed that Gcn5 alone was sufficient to acetylate Rsc4 within
the RSC complex (SI Appendix, Fig. S1B). This result is consistent
with a recent report that ada2Δ strains contain acetylated RSC
(13). The result also suggests that the requirements for acetylation
of Rsc4 and nucleosomal histone tails differ, because previous
work has revealed thatGcn5 alone does not acetylate nucleosomal
histone H3 tails efficiently (14).
We next determined whether the acetylation state of Rsc4

affects the catalytic activity of RSC. We compared the remod-
eling activities of WT and Rsc4-K25R mutant complexes, using
a restriction enzyme accessibility assay with RSC concentrations
in excess and saturating over nucleosomes. Since the Rsc4-K25R
mutation ensures the elimination of acetylation, we can assess
the complete effect of Rsc4 acetylation by this comparison. We
found that both types of RSC complexes remodel nucleosomes
with similar maximal rates (Fig. 1C; kmax = 0.03 ± 0.01 and 0.02 ±
0.01 min!1, respectively, for WT and K25R RSC). In addition,
no large differences were observed in the DNA-stimulated
ATPase rates (Fig. 1D; 0.3 ± 0.07 and 0.2 ± 0.03 μM/min, re-
spectively, for WT and K25R RSC). These results indicate that
the remodeling and ATPase activities of RSC are not signifi-
cantly affected by the Rsc4 acetylation mark.

The RSC complex contains 8 of the 15 of bromodomains in
Saccharomyces cerevisiae, suggesting that recognition of acetylly-
sine plays amajor role in the regulation of this complex. Consistent
with this observation, it has been reported that RSC binds pref-
erentially to histone H3-acetylated nucleosomes rather than
unacetylated nucleosomes (5, 15–17). Moreover, studies of the
Rsc4 subunit suggest that occupancy of BD1 by acetylated K25 is
mutually exclusive with occupancy of BD2 by acetylated histone
H3 peptides when the latter ligand is added in vitro (8). One
proposed model from these observations is that the occupancy of
BD1 by acetylated K25 would reduce the ability of BD2 to bind
nucleosomes acetylated on histone H3 (8). A simple prediction
from this model is that unacetylated RSC would display a larger
preference than acetylated RSC for acetylated nucleosomes.
To test this prediction, we measured the functional preference

of RSC for acetylated compared with nonacetylated nucleosomes,
using a competitive remodeling assay. In this assay, equal con-
centrations ofmSAGA-acetylated and -unacetylated nucleosomes
were added in excess to limiting concentrations of RSC (Fig. 1 E
and F) (14). Completion of the histone H3 acetylation was de-
termined by a histone downshift assay and Western analysis using
an anti–acetyllysine-histone H3 antibody (SI Appendix, Fig. S1D–
F). Under the conditions of the assay, equal concentrations
of acetylated and unacetylated nucleosomes must compete for
a limiting concentration of RSC. The enzyme partitions between
the two types of nucleosomes in proportion to its KM for each type
of nucleosome and, once bound, remodels each type of nucleo-
somewith its respectivemaximal rate. Thus, the competition assay
measures the combined effects of RSC acetylation on binding and
remodeling of acetylated nucleosomes relative to unacetylated
nucleosomes. Further, we reasoned that the competition con-
ditions may help recapitulate in vivo conditions in which limiting
RSC partitions among high effective concentrations of different
types of nucleosomes. Changes in restriction enzyme accessibility
of acetylated and unacetylated nucleosomes were monitored on
the samegel using nucleosomes containing twodifferent lengths of
flanking DNA in addition to the 147-bp core DNA, respectively
named “core+78” and “core+55.”Both theWT and mutant RSC
complexes showed a small preference for core+78 nucleosomes
over core+55 nucleosomes ("1.1-fold and 1.2-fold for acetylated
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Fig. 1. Acetylated and unacetylated RSC complexes
have similar biochemical properties. (A) Purified RSC
complexeswithTAP-taggedRsc2. Complexwas quan-
tified based on intensity of Sth1 (*), which is the
core ATPase subunit of RSC. Stoichiometry was de-
termined based on Rsc4 intensity (**) relative to
Sth1 (*). (B) Dual-antibody Western blot with WT
and rsc4 K25R RSC complexes. Sixty- (lanes 1 and 3)
and 30-nM (lanes 2 and 4) RSC complexes were
loaded. IR680 (red) secondary antibody recognizes
anti-TAP, and IR800 (green) secondary antibody
recognizes anti-AcK antibody. (C) Representative
time courses for remodeling by WT and rsc4 K25R
RSC, as assayed by restriction enzyme accessibility.
Maximal rate constants (min!1) and their variation
from two repeats are reported. (D) ATPase rates
with saturating DNA (n = 4; SDs shown). (E) (Left)
Reaction scheme for competitive remodeling assay.
PstI site is in red. (Right) Representative time course
for reaction of WT RSC with a mixture of unacety-
lated core+78 bp (S1) and unacetylated core+55 bp
(S2) nucleosomes. Proteinase K-treated substrates
(uncut DNA) and products (PstI-cut DNA) are labeled
“S” and “P,” respectively. DNA is stained with SYBR
Gold. Lane 1, 0.5 min; lane 2, 15 min; lane 3, 60 min;
lane 4, 145 min; lane 5, 240 min. (F) Ratio of
remodeling efficiencies for core+55 nucleosomes
vs. core+78 nucleosomes (n = 3; error bars indicate
SDs). Ac/unAc, acetylated core+55/unacetylated
core+78 nucleosomes; unAc, both nucleosomes are
unacetylated.
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andmutant RSC, respectively) (Fig. 1E and F). Despite this slight
preference, the acetylated core+55 nucleosomes were preferred
over unacetylated core+78 nucleosomes by both types of RSC
complexes (2.91± 1.34-fold and 2.94± 0.34-fold for acetylated and
mutant RSC, respectively) (Fig. 1F). This result reflects an overall
3.2- and 3.5-fold preference for mSAGA-acetylated nucleosomes
for acetylated and mutant RSC, respectively. The preference of
WT RSC for acetylated nucleosomes is consistent with previously
reported binding studies using histone H3-acetylated peptides
(16) and acetylated nucleosomes (5, 15). Overall, the above results
suggest that the absence of acetylation on Rsc4 does not signifi-
cantly increase the preference of the RSC complex for SAGA-
acetylated nucleosomes.

Synthetic Interaction with INO80 Uncovers a Role for Rsc4 Acetylation
in Resistance to DNA Damage. The lack of a large direct effect on
RSC activity suggested that the acetylation instead could play
another type of biological role. To uncover such a role, wemutated
the acetylated residue instead of mutating GCN5, because GCN5
has several other cellular targets. Previous work has shown that
mutation of the Rsc4 K25 residue by itself has very mild growth
phenotypes (8). We therefore applied the epistatic miniarray
profiling (E-MAP) approach (18–20) to investigate whether the
combination of the Rsc4 K25R point mutation with mutations in
other factorsmight uncover the pathways inwhich theRsc4K25Ac
mark participates. The minimal media conditions used in the
E-MAP approach can further sensitize the system to reveal phe-
notypes not apparent under growth in richmedia.We created a set
of double-mutant strains by crossing rsc4-K25R to a library of 368
mutants involved in various aspects of chromosome biology, in-
cluding chromatin remodeling, transcription, and DNA repair
(20).Analysis of the resulting genetic data in the context of protein
complexes and biological processes derived from Gene Ontology
functional annotations (21, 22) revealed strong genetic con-
nections to several processes, including histone acetylation and
chromatin remodeling, as well as, to the INO80 and SWR1 com-
plexes (Fig. 2A and SI Appendix, Table S2). Biochemically, the
INO80-remodeling complex is thought principally to alter nucle-
osome conformation, whereas the SWR1-remodeling complex
alters nucleosome composition via histone H2AZ variant ex-
change (23–25). Interestingly, both complexes have been func-
tionally implicated in DNA-damage responses (26–31).
In addition to analyzing the rsc4-K25R allele, we applied the

same screens with two other previously characterizedRSC4 alleles
(Fig. 2 B and D). The first, rsc4-2, is a previously studied double
mutant that alters a key residue in each bromodomain (8, 32) (Fig.
2 B and D). The second, rsc4_Δ4, is a C-terminal deletion mutant
that disruptsRSCassociationwith all threeRNApolymerases (33)
(Fig. 2 B and D). The correlation of the genetic interaction scores
revealed that the profile of interactions for the rsc4-K25R mutant
wasmore similar to that of the double bromodomain pointmutant,
rsc4-2, than to that of the C-terminal deletion, rsc4-Δ4 (R2 = 0.31
versusR2=0.05, respectively) (Fig. 2D andSIAppendix, Table S2).
For comparison, in previous work using a similar library of gene
deletions, the average R2 for any two pairs of genes is "0.0004,
whereas the average R2 for pairs of genes that are in the same
complex is "0.06 (20). These results suggest that Rsc4 acetylation
plays a functional role that is more similar to the role of the bro-
modomains than to the role of the C terminus.
Given the enriched genetic interactions of the Rsc4 mutants

with two complexes implicated in DNA damage responses, we
assayed whether rsc4-K25R and rsc4-2 displayed growth sensi-
tivity in the presence of methyl methanesulfonate (MMS). MMS
treatment of cells causes DNA base methylation that subse-
quently can lead to single- and double-stranded breaks in DNA
and replication fork stalling (34, 35). Both mutants displayed a
dose-dependent MMS sensitivity (Fig. 2C). For comparison,
the phenotype of cells lacking RAD9, a critical DNA-damage
checkpoint component, is shown also (Fig. 2C). These results
indicate a role for the Rsc4 acetylation mark in resistance to
DNA damage. Substantial previous work has shown that subunits
of the RSC complex participate in various stages of DNA-damage

detection and repair (27, 36–41). The results in Fig. 2 extend these
observations by providing evidence for a functional role of the
Rsc4 subunit in resistance to DNA damage. The sensitivity of the
rsc4 mutants to DNA damage does not seem to arise from large
defects in the transcription of specific gene sets as assessed from
microarray experiments (SI Appendix, Fig. S2). However, subtle
gene-expression effects cannot be excluded.
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To dissect further the role of the Rsc4 acetylation mark, we
focused on its interaction with the INO80 complex rather than
with the SWR1 complex, because the roles of the INO80 com-
plex in DNA-damage responses and replication have been
studied more extensively (26–31, 42–44). We explored whether
a reduction of INO80 function in the context of DNA damage
could uncover a larger role for the Rsc4 acetylation mark in
resistance to DNA damage. We investigated the MMS sensitivity
of cells harboring the rsc4-K25R mutation that also were deleted
for the gene encoding IES3 or NHP10, two unique subunits of
the INO80 complex (28) that regulate INO80 participation in
DNA-damage and replication-stress responses. The nhp10Δ
mutant shows sensitivity to MMS, similar to that of the rsc4-
K25R mutant. The MMS sensitivity of the NHP10 mutant
appears somewhat greater than previously reported for this
mutation (42, 44), but this difference could be a result of the
specific yeast strain background (SI Appendix, Table S1). Al-
though, we observed little or no increase in the MMS sensitivity
of the rsc4-K25R mutant in the absence of IES3, we observed
enhanced MMS sensitivity in the absence of NHP10 (Fig. 2E). In
the context of the E-MAP analysis, a stronger synthetic pheno-
type was obtained with the IES3 mutant than with the NHP10
mutant (SI Appendix, Table S2). However, because the E-MAP
analysis was done in the absence of MMS and was used mainly to
uncover the pathways in which Rsc4 acetylation participates, we
reason that the data shown in Fig. 2E uncover the DNA damage-
specific genetic interactions between INO80 subunits and the
Rsc4 acetylation site. In this context, the stronger synthetic
phenotype with the NHP10 mutant is consistent with two pre-
vious observations. Specifically, Nhp10 is required for Ies3 as-
sociation in the INO80 complex (45). Nhp10 also is required for
INO80 association with γ-H2AX, the modified histone that sig-
nals damaged DNA (26, 30). These results indicate that, in cells
in which the ability of the INO80 complex to mediate DNA-
damage responses is strongly compromised, the Rsc4 acetylation
mark plays a major role in resistance to DNA damage.

Rsc4 BD1 Function Promotes Maintenance of Acetylation and Resis-
tance to DNA Damage in Vivo. Because both the rsc4-K25Rmutant,
which lacks acetylation, and the rsc4-2mutant display sensitivity to
MMS, we next asked whether the observed sensitivity is correlated
with the acetylation state of these mutants. To determine the
acetylation levels, we used quantitative immunoblotting to mea-
sure the level of Rsc4 acetylation relative to the level of a TAP-
tagged Rsc2 subunit of the RSC complex. Interestingly, in the
double-bromodomain point mutant rsc4-2, Rsc4 acetylation is
reduced to 52%of the Rsc4 acetylation levels inWT cells (Fig. 3A
and B). To dissect the effects of BD1 from the effects of BD2, we
separately analyzed the single point mutations rsc4-L120P and
rsc4-Y275H (Fig. 3A). The BD1 mutant rsc4-L120P has Rsc4
acetylation levels that are 45% of WT, similar to those observed
for the rsc4-2mutant (Fig. 3A andB). In contrast, the BD2mutant
rsc4-Y275H does not show reduced RSC acetylation (Fig. 3 A and
B). Reduction of Rsc4 acetylation does not have a large impact

on the integrity and relative subunit composition of the purified
complex (SI Appendix, Fig. S1A). Additionally, the Rsc4 mutants
display similar levels of Rsc2, suggesting that themutations do not
alter overall RSC levels significantly (SI Appendix, Fig. S3). These
results suggest that BD1, but not BD2, helps maintain the level of
Rsc4 acetylation in vivo.
To investigate further the correlation between the acetylation

level of Rsc4 and resistance to DNA damage, theMMS sensitivity
of each of these rsc4 mutants was compared. The rsc4-L120P
mutant, which shows reducedRsc4 acetylation comparable to rsc4-
2, also displaysMMS sensitivity similar to that of rsc4-2 (Fig. 3Ci).
Contrastingly, the Y275H mutation, which does not affect the
acetylation level, showed the same MMS sensitivity as WT (Fig.
3Ci). We next explored whether the extent of Rsc4 acetylation
correlates with the extent of synthetic interaction with INO80 in
the presence ofDNAdamage. The rsc4-L120P and rsc4-2mutants,
with dampened but not absent acetylation, displayed a milder
synthetic MMS sensitivity in the nhp10Δ background as compared
with double mutants lacking Rsc4 acetylation (Fig. 3Cii). Consis-
tent with data showing that ies3Δ has less severe effects on INO80
function, in comparison with nhp10Δ, in the ies3! background, the
rsc4-2 and rsc4-L120P mutations did not display large synthetic
phenotypes (Fig. 3C ii and iii). Again, the rsc4-Y275H strain, which
displays an Rsc4 acetylation level similar to that ofWT cells, when
combined with nhp10Δ or ies3Δ conferred little or no extra MMS
sensitivity (Fig. 3C). Together, these data suggest that Rsc4 acet-
ylation andBD1 functionality promote tolerance toDNAdamage.

Rsc4 Acetylation Promotes S-Phase Progression in the Presence of
Replication Stress. The INO80 complex is implicated directly in the
regulation of replication progression in the presence of DNA
damage (26–31, 42–44).We, therefore, next investigated whether,
in the absence of NHP10, Rsc4 acetylation helps promote DNA
replication under conditions of DNA damage. Cells were arrested
in the G1 phase, using mating pheromone, and were released into
the cell cycle in the presence of 0.03% MMS (Fig. 4A). DNA
content was measured by flow cytometry at various time points.
For comparison, asynchronous profiles for the single and double
mutants without MMS are shown also (Fig. 4B).
In the presence of MMS, the single mutants rsc4-K25R or

nhp10Δ progressed through S-phase like WT cells (Fig. 4A). The
cell-cycle behavior of the nhp10Δ strain in MMS is similar to that
previously reported (42, 44). However, the double mutant dis-
played a delayed progression through S-phase, most evident at the
105-min time point after release from the G1-arrest (Fig. 4A).
Budding indices, amarker of cell-cycle progression, reveal that the
delay is not causedby a defect in entry into S-phase (Fig. 4C). In the
absence of MMS, the double mutant progressed through S-phase
with rates very similar to those of theWT strain (SI Appendix, Fig.
S4). Intriguingly, for reasons thatwe do not fully understand, in the
absence of MMS the single mutants appear to progress through
S-phase slightly more slowly than theWT strain (SI Appendix, Fig.
S4). These data suggest a role for Rsc4 acetylation in promoting
S-phase progression during replication stress.
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levels relative to WT. In each strain acety-
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To investigate the above hypothesis further, we tested the
sensitivity of these mutants to hydroxyurea (HU), an inhibitor of
ribonucleotide reductase that reduces deoxyribonucleotide tri-
phosphate levels. The rsc4-K25R single mutant did not show HU
sensitivity, while nhp10Δ displayed a mild HU sensitivity. Strik-
ingly, the double mutant rsc4-K25R nhp10Δ showed a strong
sensitivity to 150 mM and 200 mM HU (Fig. 4D). The rsc4-K25R
ies3Δ double mutants did not display HU sensitivity significantly
increased over that of the ies3Δ single mutant, consistent with the
previous observations that Nhp10 has a more critical role in the
functionality of the INO80 complex (28) (Fig. 4D). Together,
these data support a role for Rsc4 acetylation in resistance to
DNA damage during replication.

Discussion
Using a combination of in vitro and in vivo approaches, we in-
vestigated the role of a recently discovered acetylation mark on
the Rsc4 subunit of the essential, multifunctional chromatin-
remodeling complex, RSC. The role for the acetylation mark
does not involve a change in the fundamental enzymatic prop-
erties of the RSC complex, is regulated by interactions with a

linked bromodomain, and is partially redundant with the func-
tion of the INO80 chromatin-remodeling complex. Below, we
discuss the bioregulatory implications of these findings.

A Bromodomain That Promotes Steady-State Acetylation of Its Ligand.
Previous work demonstrated that, in the context of a recombinant
Rsc4 fragment, BD1 binds acetylated K25 in a manner that is
mutually exclusive with BD2 binding of acetylated histone H3
peptides (8). This observation suggested a model in which acety-
lation of RSC reduces the ability of BD2 to bind nucleosomes
acetylated on histone H3. In one version of this model, the loss of
Rsc4 acetylation increases RSC’s preference for acetylated nucle-
osomes during remodeling. In a competitive remodeling assay, how-
ever, we found that unacetylated RSC does not display a larger
preference than acetylated RSC for SAGA-acetylated nucleosomes.
How then can the prior results showing antagonism between

BD1 and BD2 occupancy be reconciled? There probably are
many classes of possible models; below we suggest one type of
preliminary model. This model draws on the observation that the
BD1 mutant reduces acetylation, raising the possibility that the
BD1–K25Ac interaction also protects the acetyl mark from re-
moval or further regulation. BD2 may interact with nucleosomes
primarily in a regulatory context that entails an orientation of
RSC on the nucleosome that is different from the orientation
adopted during nucleosome remodeling. In such a context, oc-
cupancy of BD2 by acetylated histone residues could cause the
acetylation mark on Rsc4 to flip out from BD1, consistent with
the previous work (8, 32). The “out” state then could act as
a transient regulatory signal in the context of RSC function in
DNA-damage resistance (SI Appendix, Fig. S4B). The antago-
nism between BD1 and BD2 occupancy thus could regulate the
exposure of the Rsc4 N-terminus, rather than regulating the
remodeling of acetylated nucleosomes.

Gcn5-Mediated Acetylation of RSC Promotes Replication in the
Presence of DNA Damage. In the absence of Nhp10, the acety-
lated state of Rsc4 promotes DNA replication under DNA-dam-
age stress. In general, acetylation of nonhistone factors appears to
be important for the regulation of critical DNA-replication steps
(46, 47). In particular, Gcn5 has been shown recently to acetylate
a key regulator of S-phase progression in higher eukaryotes (47).
In addition, GCN5 and other acetyl transferases have been im-
plicated in regulating DNA replication and repair via acetylation
of specific histone residues (48–51). Thus, to extend the model in
SI Appendix, Fig. S4B, it is possible that there is a damage- or
replication-specific histone mark that is recognized specifically by
either BD1 or BD2.Recognition of thismarkmay promote the out
state of Rsc4’s N terminus (SI Appendix, Fig. S4B). In such a
model, the out state would have to be very transient, because
under steady-state conditions most Rsc4 is acetylated. If, however,
the transient out state is important for coordinating DNA repli-
cation with DNA-damage responses, a constitutively out state of
the Rsc4 N-terminus would disrupt the coordination. Although
this preliminary model is consistent with the current data, it clearly
will require substantial further testing using integrated in vivo and
in vitro approaches. Interestingly, we also found that the rsc4-
K25R single mutant is sensitive to MMS, but not to HU. This
observation raises the possibility that Rsc4 acetylation has addi-
tional roles in DNA-repair pathways, outside of S-phase, consis-
tent with the different roles played by RSC components as well as
by Nhp10 in the context of DNA damage (27, 36–41).

Regulation of Chromatin-Remodeling Factors by Posttranslational
Modifications. Our understanding of the role of posttranslational
modifications in chromatin-remodeling complexes is only begin-
ning to emerge. During mitosis, human SWI/SNF is phosphory-
lated, and this modification inhibits its remodeling activity, a
mechanism that may promote global repression of chromatin
remodeling during mitosis (52). Upon exposure to DNA damage,
the yeast INO80 complex is phosphorylated on the Ies4 subunit
in a Mec1/Tel1-dependent manner (31). Ies4 phosphorylation
regulates Rad53 phosphorylation and DNA-damage checkpoint
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responses (31). Whether and how this phosphorylation alters the
biochemical activity of INO80 is not known. Comparatively less
has been understood about the impact of acetylation on the ac-
tivity and biological function of ATP-dependent chromatin re-
modeling complexes. Effects of acetylation on other chromatin-
associated factors, such as histone acetyltransferases and the p53
transcription factor, are better understood. Acetylation of p53
modulates DNA-binding activity and enhances transcriptional
activation (53), whereas active site autoacetylation of different
histone acetyltransferases can reduce or promote catalytic activity
(54). Our work suggests an additional role for acetylation marks
by describing one that impacts a specific biological function of a
multipurpose and essential chromatin-remodeling complex rather
than altering its core enzymatic properties. In the future, it will be
interesting to determine how acetylation might control the bio-
logical outputs of other multifunctional chromatin-remodeling
complexes.

Materials and Methods
A detailed description is provided in SI Appendix, Materials and Methods.
The in vitro methods include a description of restriction enzyme accessibility
assays, ATPase assays, and acetyl transferase assays. The in vivo methods
include descriptions of EMAP analysis, DNA damage sensitivity assays, and
flow cytometry analysis.
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Full Materials and Methods

Media, Genetic Methods, Strains, and Plasmids - All strains are derivatives of the s288C background

and were constructed using BY4741 (Mat A) or BY4742 (Mat Alpha) (See Supplementary Table 1).

Strains with RSC4 [URA3] or rsc4 K25R [URA3] plasmids, (Supplementary Table 1) expressed with the

RSC4 promoter, were transformed with pRS315 plasmids, containing appropriate RSC4 alleles (55).

LEU2 expressing yeast transformants were counter-selected on synthetic complete media containing 1

mg/ml 5-fluoroorotic acid . Confirmed Ura- Leu+ yeast strains were stored as pools of 5 or more isogenic

colonies.

RSC Purification - RSC2 Complexes were purified from YGN258, YGN259, and YGN482, containing

RSC4, rsc4 K25R, and rsc4 L120P, respectively, expressed on a plasmid (Supplementary Table 1) as

described via TAP-tagged Rsc2 (12).  RSC1/2 Complexes were purified from either GCN5 (YGN29) and

gcn5Δ (YGN30) strains, via TAP-tagged Rsc4. Purified complexes were resolved on 10% SDS-PAGE

gels, stained with SYPRO Red and quantified relative to BSA standards using the Typhoon Variable

Mode Imager.

Protein Extraction and Dual-Antibody Westerns - Yeast whole cell extracts were collected at 4
o
C, using

mid-log phase cultures, pelleted using centrifugation (2-3,000 rpm). 6 OD (optical density) units of yeast

cells were washed with ddH20. Pellets were re-suspended in 1ml ddH20.  Cells were lysed by the addition

of 2N NaOH/β-mercaptoethanol (300 ml: 22.5ml 14.3M β-mercaptoethanol: 277.5ml 2N NaOH) for 30

min, followed by the addition of 300 ml 55% (v/v) TCA. Precipitated proteins were pelleted at max speed

for 20 min. Pellets were acetone-washed and re-suspended in HU buffer (200mM phosphate buffer,

pH6.8, 8M Urea, 5% (w/v) SDS, 1mM EDTA, bromophenol blue, 100mM DTT) and boiled < 70
o
C.

For Western analysis, proteins were resolved on NuPAGE 3-8% Tris-Acetate gels (for resolving RSC

components) or 15% SDS-PAGE gels (for resolving histones) and transferred to PVDF membrane, which

were then blocked in Odyssey blocking buffer (LI-COR), diluted 1:1 in 1X PBS. RSC proteins and post-

translational modifications, were detected as previously described (8), using the anti-Ac-K-103 antibody

(Cell Signaling) and anti-TAP antibody (Thermo Scientific). H3 acetylation was detected by an anti-pan

AcH3 polyclonal antibody (Upstate cat# 06-599), which recognizes acetylation on Lysines 9 and 14 of

H3. H3 was detected by a monoclonal anti-H3 antibody (Abcam cat# ab10799).  Infrared-conjugated

secondary antibodies, anti-rabbit IR680 (LI-COR, NE) , which detects Anti-TAP and the anti-pan AcH3

antibody and anti-mouse IR800 (LI-COR, NE), which detects anti-Ac-K-103 and anti-H3 antibody were
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simultaneously incubated with the membrane for quantitative dual-antibody results. Infrared signal values

were extracted using Odyssey Application software. Rsc4 acetylation levels (IR800) were normalized to

Rsc2 levels (IR680) by taking the IR800/IR680 ratio.

RSC Acetyltransferase Assays - His-Gcn5 protein and the mSAGA complex were expressed from E. coli

(14). 107 nM mSAGA or His-Gcn5 was pre-incubated for 5 minutes at 30
o
C with 39 nM purified RSC

complex in 50 mM NaCl, 5% (v/v) Glycerol, 50mM Tris-Cl, pH 7.5, 1mM DTT, 0.1mM EDTA.

Reactions were carried out in the presence or absence of 800 µM acetyl-coenzyme A (Sigma/Fluka, >

96%), terminated, using 5X SDS loading buffer and boiling for 5 minutes before resolving on 10% SDS-

PAGE gels.

Restriction Enzyme Accessibility Assay and Competitive Remodeling Assay. Nucleosomes were

assembled on the 601 positioning sequence, modified to contain a PstI site 55 bp from one end (56-57).

Templates included 55 bp or 78 bp of extranucleosomal DNA (Fig. 1E) in addition to 147bp of core

nucleosomal DNA (referred to as core + 55 bp and core + 78 bp, respectively). Restriction enzyme

accessibility assays were performed at 30
o
C in RSC reaction buffer [47mM NaCl, 7% (v/v) glycerol,

0.04% (v/v) Nonidet P40, 11.9mM Tris, pH 7.5, 3mM MgCl2] with  0.4 units µl
-1

 PstI (56-57). Single-

turnover experiments (Figure 1C), contained 25nM RSC and 10nM nucleosomes, in the presence or

absence of 2mM ATP- MgCl2. Rate constants were obtained from first-order fits to the time-courses (57).

The competitive remodeling assays, in Figure 1E and 1F, were performed in two parts. In the first part,

acetylated nucleosomes were generated by incubating 500nM nucleosomes (core+55 bp) in a 50 µl

volume with 12nM mSAGA and 10 µM acetyl-coenzyme at 30
o
C for 1-3 hours in 60mM NaCl, 11%

(v/v) glycerol, 0.02% Nonidet P40, 55mM Tris-Cl, pH 7.5, 0.5mM β-mercaptoethanol, 1mM DTT,

0.1mM EDTA. In addition to standard western analysis, H3 acetylation was also confirmed by histone

down shift assays (Supplementary Fig. 1D). The unacetylated Core+55 bp nucleosomes were taken

through a parallel “mock” acetylation reaction in the absence of acetyl-coenzyme A. Reactions were

terminated by addition of equal volume 20 µM coenzyme A. An equal concentration of core + 78 bp

nucleosomes was then mixed with the acetylated or “mock” acetylated core + 55 bp nucleosomes.

In the second part of the assay, 5 µl of the nucleosome mixture from above was used to initiate 25 µl

remodeling reactions. The final reactions contained 5 nM RSC, 20 nM each of core+55 and core+78

nucleosomes (40 nM total) and 0.4 units µl
-1

 PstI. Reactions were incubated in the presence or absence of

2 mM ATP-MgCl2. The remodeling reactions were carried out in 47 mM NaCl, 7% (v/v) glycerol, 0.04%
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(v/v) Nonidet P40, 11.9 mM Tris, pH 7.5, 3 mM MgCl2. Reactions were quenched and analyzed as

described with the modifications of using 15% (v/v) polyacrylamide gels and staining the DNA with

SYBR gold (57). For the competition assays, reaction efficiencies were determined by fitting the time-

courses to obtain the time taken to remodel half the nucleosomes (t1/2). Relative reaction efficiencies were

obtained from ratios of the respective t1/2 values.

ATPase assay – Reactions were carried out in 50 mM KCl, 30 mM Tris-Cl pH 7.5, and 3 mM MgCl2

and contained 10 nM RSC, saturating concentration (250nM) of 35 bp dsDNA and 100 µM  [γ-
32

P]ATP-

MgCl2. Reactions were quenched and analyzed as described (57).

E-MAP Analysis - E-MAP experiments and scoring of genetic interactions (S-score) were performed as

described (18, 58). Query strains were generated by transformation of a rsc4Δ::NAT/RSC4 diploid strain

(YGN167) with pRS316 plasmids, encoding the different Rsc4 proteins (Supplementary Table 1). The

Rsc4 query strains were crossed against a target library consisting of 368 single gene deletion strains for

genes involved in various aspects of chromosome biology (20). Genetic interaction scores (S-score) for

the RSC4 mutant strains were normalized relative to a strain carrying a wild type version of the protein

(see Supplementary Table 2 for gene deletions used and the individual S-scores).

Pathway analysis - The genetic interaction scores (S-scores) of an Rsc4 mutant strain against the target

library defines a phenotypic profile (or phenotypic vector). Genes with highly correlated (i.e. similar)

phenotypic vectors are typically functionally related (20). The correlation between the phenotypic vectors

of Rsc4 mutants and the phenotypic vectors of deletion strains previously screened against this same

library was calculated (20). The final functional interaction score between Rsc4 mutants and other genes

was quantified as a combination of the S-score and the correlation score. The interaction score was

defined as: abs(Z-scoreS)+Z-scoreCCs,  where, Z-scoreS is the z-score normalized value of the S-score and

the Z-scoreCCs  is the z-score normalized value of the correlation coefficient.  The functional interaction

score defined above was used to search for significant interactions between the Rsc4 mutants with pre-

defined functional “modules” (i.e. pathways or protein complexes). A functional module was defined here

as a protein complex (59) or a Gene Ontology process group (60). The mean functional interaction score

between a Rsc4 mutant and each module was calculated and the probability of observing a similar or

higher mean score was determined based on random sampling of an equal number of genes. Rsc4 mutant

associations with functional modules having a p-value less than 0.005 were defined as significant.
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DNA Damage Sensitivity - Yeast cells were grown overnight to saturation. Cells were diluted in sterile

water to OD600 of 0.6. 10-fold serial dilutions in sterile water were performed with all strains. Yeast cells

at different dilutions were then pinned onto YPD agar plates containing different concentration of drugs:

0.005-0.02 % (v/v) MMS and 100 - 200 mM HU. Digital images were taken after 2-4 days at 30
o
C.

Flow Cytometry Analysis and Budding Indexes - Cells were grown in YPD at 30
o
C to mid-log phase.

For G1 arrests (>90% un-budded cells), BAR1+ cells were treated with 100 µM alpha factor every hour

for three hours. For release from alpha-factor arrest, cells were washed twice with YPD and re-suspended

in appropriate media. Samples were fixed in 70% (v/v) ethanol and
 
stained with 1 µM Sytox Green (61).

Fluorescence readings for DNA content were obtained using a BD FACScan flow cytometer and Cell

Quest software. Analysis was performed using Matlab (62). For budding indices, cells were fixed in 10%

(v/v) formaldehyde, sonicated and analysis performed as described (63).

Microarrays - S. Cerevisiae strain was grown in YPD (1% yeast extract + 2% peptone + 2% glucose) at

30
o
C. Cultures were grown to a density of 5 x10

6
 cells per ml and were split in two, and methyl

methanesulfonate (MMS) was added to one half at a final concentration of 0.1%. Incubation was

continued for 15, 30, and 60min. At each time point, cells were pelleted and immediately frozen in liquid

nitrogen. Total RNA was isolated by using a hot-phenol method (64). cDNA was prepared, labeled and

hybridized to the S. cerevisiae whole genome oligonucleotide microarray containing 12,034 PCR

products representing every ORF and intergenic region, essentially as described (65). Data from the

arrays were extracted using GenePix 6.0 software (Axon Instruments).

Gene expression was determined at each time point by
 
comparing the amount of mRNA transcript present

in the experimental
 
samples (each time point with MMS treatment) relative to a pooled reference

 
sample,

averaging data from n = 2 independent experiments. SAM (Significance Analysis of Microarrays) was

applied to analyze time-course microarrays at a 1% false-discovery rate level, using version 2.0 of the

supervised learning software, developed at Stanford (http://www-stat.stanford.edu/~tibs/SAM/).
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Supplementary Figure Legends

Supplementary Figure 1. Acetyltransferase Assays

A. RSC complexes, purified from Rsc2-TAP yeast strains, were analyzed on 10% SDS-

acrylamide gels. RSC complexes containing Rsc4, rsc4 K25R, or rsc4 L120P, were compared.

Proteins were visualized using SYPRO Red stain and quantified using Image Quant software.

Stoichiometries were determined based on the ratio of Rsc4 (**) to Sth1 (*), which is the core

ATPase subunit of RSC, and are shown relative to WT. B. Top panel: Rsc4 in RSC purified from

the gcn5Δ yeast strain can get acetylated by mSAGA. Bottom panel: recombinant Gcn5 alone

can acetylate Rsc4 in RSC purified from the gcn5Δ yeast strain. In both panels, the complete

acetylation reaction contains, RSC complex, Acetyl CoA (AcCoA) and the given acetyl

transferase (mSAGA for the top panel and Gcn5 for the bottom panel). Control lanes lacking the

presence of one or two these components are labeled correspondingly as “-RSC”, “-AcCoA”, “-

RSC,-AcCoA”, “-mSAGA”, or “–GCN5”). The acetylation level of Rsc4 in RSC purified from

WT cells is shown for comparison. Rsc4 acetylation is detected by western analysis as described

in Fig. 1b using an anti-Acetyl lysine antibody. C. RSC, purified from WT cells, is used as a

substrate for mSAGA acetyltransferase assays. Reactions were performed with mSAGA

(110nM) -/+ RSC (40 nM) in the presence or absence of acetyl coenzyme A (800 µM) for

indicated times. Acetylation of Rsc4 was measured relative to Rsc2 levels using western

analysis. The anti-TAP antibody detects the TAP tag on Rsc2 and the anti-Acetyl lysine antibody

detects Rsc4 acetylation. AcRsc4 signal to Rsc2-CBP are reported, normalized to the lane

lacking mSAGA. D. Reaction Scheme for nucleosomal H3 histone acetylation by mSAGA. E.

Acetylated H3 is correlated with H3 downshift using antibody with Anti-pan AcH3 antibody and

anti-H3 antibody. H3 was acetylated in the context of nucleosomes as shown in D. F. H3

downshift assay using an SDS-PAGE gel. Reactions with nucleosomes were performed as shown

(D) in the absence or presence of acetyl coenzyme A for 40 minutes (lanes 1 and 3) or 150

minutes (lanes 2 and 4). Nucleosomal histones were resolved on a denaturing 15% acrylamide

gel.

Supplementary Figure 2. RSC acetylation is not required for MMS-induced genome

expression changes

A. Cycling WT or rsc4 K25R yeast cells were incubated for indicated time points in the presence

of MMS. cDNAs were hybridized to the S. cerevisiae whole genome oligonucleotide microarray

containing 12,034 PCR products representing every ORF and intergenic region (65). Up- and

down- regulated genes are indicated by blue or yellow, respectively.  B. Significance analysis of

microarrays (SAM) was performed as described in the Supplementary Methods.

Supplementary Figure 3. RSC complexes with reduced acetylation have similar complex

stoichiometry and protein expression

Rsc2 protein expression levels are similar between strains containing various rsc4 mutations.

The anti-TAP antibody (IR680) recognizes endogenous TAP tagged Rsc2 protein levels. The
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anti-tubulin antibody (IR800) is used as to normalize for loading. Ratios (IR680/IR800) are

average values from n = 2 sample loadings, relative to the Rsc4 (WT) strain.

Supplementary Figure 4. Cell-cycle Progression in the absence of MMS

A. Similar cell cycle profiles for WT, single, and double mutants. Representative data for cell-

cycle progression of WT, single, and double mutants in the absence of MMS. Mid-log phase

cultures were arrested in G1 with alpha factor and released into YPD. Samples were processed

and analyzed as described in Fig. 4a. B. Preliminary model for regulation of two conformational

states of Rsc4 by K25Ac, BD1, and BD2. The acetylation level of Rsc4 at the N-terminus is

maintained by the neighboring bromodomain, BD1 and results in the “IN” state. The extent of

the acetylation level in WT cells suggests that the  “IN” state is favored. The “OUT” state, which

is promoted by rsc4 K25R, rsc4-2, and rsc4 L120P mutations, is where the N-terminus of Rsc4 is

no longer bound to BD1.  In the presence of DNA damage, the N-terminus may be transiently

shifted to the “OUT” state, based on BD2 occupancy.



Supplementary Figure 1.

C.

anti-TAP (Rsc2)

anti-AcK (Rsc4)

Time (min) 15045 4545 4545

mSAGA
RSC (WT)

AcCoA +

.810 (1)0 11.1
Relative
AcRSC:RSC2 

1 2 3 4
- AcCoA + AcCoA

Histone Down-shift Assay

-/+ AcCoA

mSAGA + HAT Buffer 
+ Nucleosomes 

Quench with SDS LB
Load denaturing gel

D.

H3
H2A, H2B

H4

A.

B.

mSAGA

80 120Time (min):

Full Rxn: - R
SC

- A
c C

oA Acetylation by:

RSC (gcn56) RSC (WT)

Gcn5Full Rxn: - R
SC

- A
c C

oA

120Time (min):

RSC (gcn56) RSC (WT)

- m
SAGA

- G
cn

5

- R
SC
- A

c C
oA

- R
SC
- A

c C
oA

Rsc4 allele K25R
L120P

WT

*
**

(1) Ratio1 .78

AcRSC

AcRSC

E. F.Histone H3 Acetylation

0.25 40

Time (min)

anti-AcH3

anti-H3



15 30 60 15 30 60 Min.

WT rsc4 K25R

-4

-3

-2

-1

0

1

2

3

4

-4 -3 -2 -1 0 1 2 3 4

SAM Analysis
O

bs
er

ve
d 

Sc
or

e

Expected Score

Significant: 0
Median no. of false positives: 0

False Discovery Rate (%): 1
Tail Strength: -0.1

se (%): 0



Supplementary Figure 3.

anti-Tubulin

anti-TAP
K25

R
L1

20
P
Y27

5H
rsc

4-2Rsc4 allele

1.3 1.1 1.1 0.8 Ratio(1)

WT



1N 2N

0 min

1N 2N

15 min

1N 2N

55 min

1N 2N

75 min

1N 2N

95 min

1N 2N

130 min

1N 2N

35 min

Release 
from _-factor

WT

nhp106

rsc4 K25R

rsc4 K25R nhp106

Supplementary Figure 4.A.

“ Ac IN” “Ac OUT”

RSC

Ac
Rsc4

RSC

Rsc4
Ac

(EMPTY BD2) (OCCUPIED BD2)

1
2 1

2

B.



Supplementary Table 1 Charles et al.

Strain ID Mating Type Genotype

YGN29 MATa RSC4-TAP:HIS3 ade2-1 trp1-1 can1-100 leu2-3,112 his3-115 ura3 GAL+

YGN30 MATa
RSC4-TAP:HIS3 gcn5::LEU2 ade2-1 trp1-1 can1-100 leu2-3,112 his3-115 
ura3 GAL+

YGN154 MATa/MATα
his3Δ1/HIS3, leu2Δ0/LEU2, LYS2+/LYS2, met15Δ0/MET15, can1Δ::STE2pr-
SpHIS5/CAN1, lyp1Δ::STE3pr-LEU2/LYP1, cyh2/+

YGN167 MATa/MATα

rsc4Δ::NAT/RSC4 ura/ura, his3Δ1/his3Δ1, leu2Δ0/leu2Δ0, LYS2+/LYS2, 
met15Δ0/MET15, can1Δ::STE2pr-SpHIS5/CAN1, lyp1Δ::STE3pr-
LEU2/LYP1, cyh2/+

YGN168 MATa
rsc4K25R[URA3] p15 rsc4Δ::NAT, can1Δ::STE2pr-SpHIS5, ura3, met15Δ, 
his3, leu2, lyp1Δ::STE3pr-LEU2

YGN170 MATa/MATα

RSC4[URA3] p14 rsc4Δ::NAT/RSC4 ura/ura, his3Δ1/his3Δ1, 
leu2Δ0/leu2Δ0, LYS2+/LYS2, met15Δ0/MET15, can1Δ::STE2pr-
SpHIS5/CAN1, lyp1Δ::STE3pr-LEU2/LYP1, cyh2/+

YGN171 MATα
RSC4[URA3] p14 rsc4Δ::NAT, ura3, met15Δ, his3, leu2, lyp1Δ::STE3pr-
LEU2

YGN235 MATα rsc4-2[URA3] p28 rsc4∆::NAT, met15Δ, his3, ura3

YGN237 MATα rsc4_Δ4[URA3] p83 rsc4∆::NAT, met15Δ, his3, ura3

YGN258 MATa
RSC4 [LEU2] p36 RSC2-TAP:HIS3 rsc4::KAN his3∆1 leu2∆0 lys2∆0 
ura3∆0

YGN259 MATa
rsc4 K25R [LEU2] p39 RSC2-TAP:HIS3 rsc4::KAN his3∆1 leu2∆0 lys2∆0 
ura3∆0

YGN478* MATa
RSC4[Leu2] p36 RSC2-TAP:HIS3 bar1::NAT rsc4::KAN his3∆1 leu2∆0 
lys2∆0 ura3∆0

YGN480* MATa
rsc4K25R[Leu2] p39 RSC2-TAP:HIS3 bar1::NAT rsc4::KAN his3∆1 leu2∆0 
lys2∆0 ura3∆0

YGN482* MATa
rsc4L120P[Leu2] p94 RSC2-TAP:HIS3 bar1::NAT rsc4::KAN his3∆1 leu2∆0 
lys2∆0 ura3∆0

YGN488* MATa
rsc4Y275H[Leu2] p95 RSC2-TAP:HIS3 bar1::NAT rsc4::KAN his3∆1 leu2∆0 
lys2∆0 ura3∆0

YGN490* MATa
rsc4-2[Leu2] p81 RSC2-TAP:HIS3 bar1::NAT rsc4::KAN his3∆1 leu2∆0 
lys2∆0 ura3∆0

YGN858* MATa RSC4 [LEU2] p36 rsc4Δ::NAT nhp10::KAN his3∆1 met15∆0 leu2∆0 ura3∆0



YGN860* MATa
rsc4 K25R [LEU2] p39 rsc4Δ::NAT nhp10::KAN his3∆1 met15∆0 leu2∆0 
ura3∆0

YGN862* MATa rsc4-2 [LEU2] p81 rsc4Δ::NAT nhp10::KAN his3∆1 met15∆0 leu2∆0 ura3∆0

YGN880* MATa RSC4[LEU2] p36 rsc4Δ::NAT, ura3, met15Δ, his3, leu2

YGN884* MATa rsc4 K25R[LEU2] p39 rsc4Δ::NAT, ura3, met15Δ, his3, leu2

YGN888* MATa rsc4-2 [LEU2] p81 rsc4Δ::NAT, ura3, met15Δ, his3, leu2

YGN894* MATa RSC4 [LEU2] p36 rsc4Δ::NAT ies3::KAN his3∆1 met15∆0 leu2∆0 ura3∆0

YGN896* MATa
rsc4 K25R [LEU2] p39 rsc4Δ::NAT ies3::KAN his3∆1 met15∆0 leu2∆0 
ura3∆0

YGN898* MATa rsc4-2 [LEU2] p81 rsc4Δ::NAT ies3::KAN his3∆1 met15∆0 leu2∆0 ura3∆0

YGN904* MATa
RSC4 [LEU2] p36 rsc4Δ::NAT rad9::KAN can1Δ::STE2pr-SpHIS5 his3∆1 
met15∆0 leu2∆0 ura3∆0

* Mixed pool of transformants used in experiments



Supplementary Table 2 Charles et al.

Quantitative genetic interaction scores for each of the Rsc4 mutants screened.
 NaN = No value defined for the pair

Gene Rsc4 C-Term Rsc4-2 Rsc4 K25R
ADA2_DAMP 0.790743 0.487412 -1.324406
AHC1 -0.614501 0.559465 -0.50956
APC9 -2.583447 -1.947087 -1.287457
APQ12 0.315357 -0.692052 0.970432
ARO1 1.1862 -1.419713 -1.111616
ARP6 -0.381134 -1.441494 -1.572104
ARP8 1.078299 1.092602 -2.273428
ASE1 1.720107 0.871373 1.077977
ASF1 3.685716 0.143884 -0.580012
BEM2 NaN 1.020907 0.774855
BFA1 3.789816 NaN -0.108274
BIM1 2.689565 1.626656 0.253884
BMH1 -0.088228 -1.21268 0.671662
BRE1 -1.205179 -2.487243 -2.323695
BRE2 0.723257 -0.818145 -1.288214
BRE5 -2.586553 0.548161 -0.006284
BUB2 2.702412 0.915762 -0.803379
BUB3 -0.0084 0.825445 0.03923
BUD13 1.916877 0.063721 -0.270135
BUD27 0.990585 0.632877 0.282023
BUG1 -0.610247 NaN 1.40087
CAF130 -0.684567 0.086067 0.295504
CAF40 0.988392 -0.333035 -0.007264
CCS1 -1.685661 0.259304 -1.52249
CDC26 2.718658 -1.563421 -0.235437
CHD1 -5.202458 -0.829343 -0.191253
CHL1 1.598062 0.782435 0.395942
CHL4 0.484153 0.068535 0.675602
CIN1 -0.324907 0.056229 -0.652295
CIN2 -0.484824 0.221063 0.632188
CIN4 0.610419 3.289766 1.550173
CKA1 1.983862 -0.508165 1.180323
CKA2 -2.409279 0.600232 -0.020447
CKB1 -0.720118 -0.272365 -0.0149
CKB2 -5.017352 -0.59367 -0.883057
CLA4 -2.886764 -1.883004 -0.588243
CLB1 -0.79855 0.581853 0.400417
CLB2 1.424984 -1.329713 -0.233818
CLB3 0.006327 -0.369955 0.285442
CLB4 -0.010501 -0.051498 0.631225
CLB5 -2.182799 0.099651 -0.371779
CLN1 0.3813 1.010506 0.956497
CLN2 1.119152 -0.783875 0.423533



CLN3 -1.580541 -0.463141 -0.648867
COG8 -0.31586 -0.446599 -1.074496
CSF1 -0.980119 0.826302 -2.270047
CSM1 -0.582308 -0.143327 0.029398
CSM3 0.095758 -0.307527 -0.239592
CTF19 2.585356 0.547279 -0.358832
CTF3 0.604312 0.200294 0.042997
CTF4 -0.722029 -1.318984 -0.365506
CTF8 -2.196746 0.068576 -0.923285
CTI6 -2.604579 -0.270519 0.881619
CTR9 0.606536 0.357714 0.170789
DCC1 1.115525 -0.746045 -1.43162
DDC1 0.716169 0.056728 0.701708
DEG1 3.014671 -0.458666 0.905897
DNL4 -0.417656 0.280792 0.506603
DOA1 2.409465 0.612931 -1.671251
DOT1 -1.49491 -0.670912 -0.315176
DPB3 3.48475 0.858881 -0.112001
DST1 1.013415 0.230391 -0.176684
EAF3 -0.479134 -0.811474 0.529401
EAF5 1.206064 1.527574 -1.141513
EAF6 6.176996 -0.194749 1.556524
EAF7 1.602383 1.011408 0.312221
ELF1 -1.977536 -0.510302 -0.702883
ELG1 3.297086 -0.306331 -1.109677
ELP2 0.817552 -0.444158 0.77914
ELP3 -2.713155 -1.766489 -0.412605
ELP4 -3.202991 -2.664257 0.337762
ELP6 0.518198 -0.59586 0.358825
ENT5 2.59647 0.811668 1.797995
ERG5 0.799355 0.320578 1.578766
ERG6 -0.11454 NaN 0.281721
ESC1 -0.099767 -0.700872 -0.45539
ESC2 1.802866 0.20492 1.39308
ESC8 1.416062 -1.254505 1.392858
EST1 1.393247 1.38228 1.693105
FUS3 NaN -0.467462 0.353438
GAL11 -2.194556 -3.414242 -2.59282
GAL11_DAMP -4.379418 -0.292992 0.511224
GAL4 1.175709 -0.080677 0.437058
GBP2 -0.122388 -0.462384 0.610601
GCN1 0.410929 -0.51321 0.002487
GCN20 1.309023 -2.38184 -0.714261
GCN5_DAMP -1.300305 0.810424 -0.525301
GCR2 0.120491 1.265033 -2.360183
GET1 -1.375552 -0.567664 -0.339833
GIM3 -1.30332 2.371185 0.500059
GIM4 -1.519641 1.744764 0.050552
GIM5 0.500574 1.607812 -0.114061



GSG1 -2.318481 -0.590011 -0.848965
HCM1 3.817611 0.717106 -0.694013
HEX3 NaN 1.176902 0.009447
HFI1 -3.218359 -0.641938 -1.565345
HHF1 -3.702874 0.273955 0.200847
HHF2 2.912897 0.160246 0.517472
HHT1 0.994754 0.742972 1.610947
HHT2 -0.614364 0.289019 1.089775
HIR1 -0.204329 -0.076001 0.502917
HIR2 -2.216879 0.359648 -0.045112
HIR3 -1.301493 0.311844 0.54049
HOS1 -2.90607 -0.32817 0.536099
HPC2 2.609637 -0.710281 -2.197732
HPR5 1.87885 0.64112 0.766457
HSL1 0.624313 1.250478 2.389967
HST3 -2.422487 0.225243 -1.23504
HST4 1.608417 2.147083 2.56555
HTA1 -1.817222 -0.417017 -0.056305
HTZ1 3.1933 -1.143789 -1.202042
HUR1 NaN 1.077965 1.650201
IES1 0.317262 0.805783 -1.247653
IES2 -0.883242 0.309187 0.649607
IES3 -0.896851 -1.977384 -3.42924
IES4 0.808005 1.245916 -0.175479
IES5 0.791791 1.091151 1.090111
IES6 -0.090732 -0.801412 0.897557
IML3 0.419133 0.7875 0.609371
INO4 1.499626 0.570648 0.260894
INO80_DAMP -0.094894 -0.62088 0.397295
IOC2 -0.211471 0.474462 -0.182445
IRA2 -0.002376 0.330271 0.927379
ISC1 -0.923538 -0.10137 -0.420139
ISW1 3.283807 2.108334 2.959402
ISW2 -0.413038 -0.420783 -1.066427
ITC1 -1.591597 0.152291 -0.122634
KAR3 -0.720872 -0.07929 -0.464864
KAR9 -0.577511 -0.287136 -0.645517
KEM1 2.207892 0.436742 0.410514
KEX2 1.218719 0.275873 1.252584
LEO1 -2.590452 -1.753601 -1.278076
LGE1 -0.317623 -3.006125 -2.916585
LSM1 1.488853 1.038833 -4.25186
LSM6 -1.615137 -1.166154 -4.093802
LSM7 -2.012664 -0.965279 -6.136961
MAD1 2.991742 1.629947 1.881225
MAD2 2.788692 -0.004526 0.39335
MAD3 1.804854 0.427321 -0.002556
MCK1 0.685428 -0.077106 0.470833
MCM16 2.718944 0.690275 -0.419934



MCM21 -2.003903 1.066388 -0.305635
MDM35 2.888105 1.79704 0.81681
MED1 0.294142 -0.530203 -2.99209
MEK1 -1.180181 0.088787 0.38278
MET18 -0.498406 0.058602 -2.296528
MFT1 1.920611 -0.828643 -0.334742
MGS1 NaN 0.072548 -0.100432
MMR1 1.076399 -0.527328 -0.510401
MMS1 -1.775791 0.146535 -0.286993
MMS2 -3.08331 -0.141264 -0.02123
MMS4 -1.6106 0.033615 0.851421
MNN10 1.179311 -0.195666 -3.22146
MNN11 2.018226 0.716684 0.359663
MON2 -2.190443 1.086241 -0.215448
MRC1 -2.908905 -1.315374 -1.897287
MRE11 -0.396842 -1.306805 -0.536881
MSI1 -0.796245 -0.693964 -0.000206
MUB1 NaN 0.617168 1.698566
MUM2 0.500849 0.020475 0.265347
MUS81 1.676363 -1.575689 -0.792458
NAP1 1.703839 0.811592 1.47593
NEW1 -0.480456 0.217765 0.706724
NGG1 -2.704902 -8.717603 -11.885577
NHP10 -1.103613 -0.735417 1.604466
NHP6A -1.706267 -0.664187 0.104553
NOT3 0.703465 1.862826 -0.379189
NTO1 -3.483967 -1.103862 -0.581071
NUP60 -1.593254 -0.144054 -0.485879
NUT1 -0.4112 0.571129 0.803853
OPI3 -5.577687 0.277794 -1.118678
ORM2 2.404023 0.201322 -0.628349
PAC1 -1.979546 -0.738003 -1.009665
PAC10 0.278252 0.20151 -1.405868
PAC11 -0.798136 -1.117379 -0.570832
PAC2 1.781855 NaN 0.756086
PAF1 1.104731 0.949284 0.689996
PAT1 2.509034 1.436361 -2.574749
PDA1 -2.017907 1.650076 0.228312
PDC1 NaN -0.769356 0.151287
PHO23 -0.40769 -0.518285 -0.081127
POL32 0.481838 -1.962921 -3.156061
PPH3 0.587476 0.875383 0.52097
PRE9 0.997123 -0.339689 0.672147
PSH1 5.080498 0.988297 -0.177319
PSY2 -1.901042 0.821416 0.280662
QRI8 1.08638 -0.908719 0.666389
RAD1 0.67527 -0.402615 0.222523
RAD14 -1.000386 -1.056798 -0.025125
RAD16 -1.091863 -0.934071 -0.294863



RAD17 1.980016 -0.491984 -1.190315
RAD24 -1.220642 1.002383 0.953698
RAD26 1.816555 0.815529 -0.787609
RAD27 0.824265 -0.992293 -0.369331
RAD4 NaN -0.51393 3.562103
RAD5 -2.220707 -0.979235 0.048113
RAD51 -1.59257 -1.746453 -0.668222
RAD54 -2.902798 -1.22484 -0.283228
RAD57 -3.610339 -0.248084 0.200723
RAD61 0.583328 -0.406323 1.91493
RAD9 1.483431 0.07831 0.372422
RCO1 0.821053 -0.13826 -1.429291
RDH54 -1.200048 0.434298 0.941023
REV1 2.082578 -0.49572 -0.150179
REV3 -2.214289 0.368354 1.043563
REV7 -4.396811 -0.080655 0.353697
RIC1 2.520479 -0.248368 -1.867379
RIM21 0.89528 0.422598 0.091862
RIS1 2.919502 -0.009928 1.217811
RLF2 -5.205469 0.093655 0.011871
RMI1 1.424881 -0.232959 -0.133521
RNH201 1.824822 1.3015 0.844674
ROX3 1.483132 -0.582755 0.212778
ROX3_DAMP 0.22221 1.071488 -0.733136
RPA14 -0.499761 0.921249 -0.36023
RPA34 -1.011808 -1.194154 -2.916926
RPN10 -1.511375 1.437318 1.012527
RPN13 0.604633 0.131112 0.975909
RPN4 -0.424452 -0.808354 -1.097163
RRM3 -0.404224 1.867126 1.328157
RRP6 -1.988444 -1.851094 -1.410738
RSC2 2.001109 0.884746 0.919879
RTF1 0.914856 -1.892789 1.383526
RTG1 -2.613643 -0.471399 -0.420247
RTG3 NaN -0.569324 -1.484033
RTS1 0.29949 -2.681433 -1.24628
RTT101 0.376077 -0.84519 -0.307771
RTT103 -1.784653 0.617569 -1.021494
RTT106 -0.476259 -0.773149 -0.478238
RTT109 0.6985 -0.246704 -0.736986
RVS161 -1.192226 0.615111 -1.170698
RXT2 -2.703051 -0.742508 -0.3349
SAC3 -2.478062 -2.143083 0.786972
SAP155 -0.88743 0.013985 0.595696
SAP185 0.284438 0.662054 0.854632
SAP30 0.383186 -1.110166 -0.885397
SAS2 0.494189 0.18208 0.975879
SAS3 NaN 0.161606 -0.674834
SAS4 2.482899 1.928556 0.81593



SAS5 -4.410765 0.301808 0.469524
SDC1 -2.911917 -0.584533 -2.874282
SDS3 2.32195 -0.788426 -2.055708
SEC22 -0.5116 -0.709332 -0.830546
SEC28 -0.79413 -0.14479 -1.100969
SEC66 -1.276339 -0.695527 -0.123159
SEM1 -1.510821 -0.287397 0.517846
SER1 NaN 0.691934 1.066417
SER2 2.677591 0.172466 0.043565
SET2 -3.40205 -1.793607 0.238962
SET5 -1.514582 1.707366 0.42184
SET7 0.408205 0.492171 0.272737
SGF11 -0.188218 -1.635438 0.240618
SGF29 -1.803162 -2.123773 -0.493765
SGF73 -1.124425 -0.50845 -0.036595
SGS1 2.900283 1.064478 0.718794
SHP1 2.387153 -0.618707 -0.113004
SIC1 0.204655 -0.497031 -2.3948
SIF2 2.722179 -0.199833 -0.774518
SIN3 0.194648 -2.975448 -0.66844
SIN4 0.376602 NaN -0.050762
SIN4_DAMP 2.322617 0.814301 -0.195179
SIR1 5.518717 0.413107 1.414412
SKI2 1.178128 -1.608806 0.526552
SKI3 NaN -0.11693 0.107439
SKI8 1.120223 -1.349331 -0.058925
SLK19 0.521071 0.131731 -0.130336
SLM3 0.197181 0.781714 0.193776
SLX4 0.67548 0.722891 1.388421
SLX8 -1.084819 0.144385 -0.514135
SNF1 -1.383215 NaN 0.202705
SNF11 -1.378966 -1.398746 0.011944
SNF4 -6.895182 NaN -0.595288
SNF5 0.593388 0.746141 0.283852
SNT1 1.484542 0.597056 -0.165375
SNU66 -1.39433 -0.060984 0.619475
SOD1 -1.085695 -0.938673 0.108162
SOY1 1.518383 0.655991 -0.955408
SPF1 -2.203652 -0.308007 0.852437
SPP1 0.195275 -1.124211 -0.132399
SPT2 -2.379562 0.868767 0.724634
SPT21 -0.300418 -0.48138 -2.03098
SPT23 1.598472 0.409554 -0.481854
SPT3 2.185438 -0.072756 -1.514855
SPT7 1.984272 -0.589199 -1.778202
SPT8 0.721449 0.339301 -1.256947
SRB2 0.716665 -0.744647 -1.204428
SRB5 0.314314 0.757862 1.75523
SRC1 -2.111618 -0.213541 0.183364



SRO9 2.018878 -0.517346 0.078659
SSF1 0.096821 0.480598 -1.655352
SSN2 0.28563 -1.830134 -3.787956
SSN8 -0.494076 -0.728117 0.307892
STB5 0.605746 0.082755 -2.147827
SUR1 0.417323 0.000497 0.837625
SUS1 0.29835 1.521079 0.755815
SWC3 -2.796387 -0.187924 -0.344381
SWC5 7.292743 5.98288 5.369136
SWD1 -2.006285 -1.180059 -1.658769
SWD3 0.79212 0.18502 1.264345
SWI4 -0.223821 1.015568 2.137039
SWI5 -4.688118 0.461281 1.457864
SWR1 -0.584641 -0.144921 -3.522184
TAF14_DAMP -3.110535 -3.072477 -2.635311
TCO89 -1.400965 -1.117021 -0.820391
TEL1 NaN 0.493847 1.123604
TEX1 -0.482597 0.813489 0.847335
THI6 0.085914 -0.381508 0.224566
THP1 -2.389483 -0.003848 0.615165
TIM13 1.302244 -0.011079 -1.432578
TIM18 -1.190968 0.142164 0.462644
TOF1 0.100638 1.130802 -0.288019
TOP1 1.097599 1.918836 0.675572
TOP3 -2.575965 0.130077 -0.805831
TRF5 0.688393 -0.819437 0.066386
TSA1 0.01809 1.996401 -1.660469
TUB3 0.284828 NaN 1.495888
UBC12 1.018575 0.48308 0.282579
UBC13 -0.391598 -0.356086 1.03494
UBC4 -3.795669 0.138134 0.517456
UBC5 0.688209 2.381572 1.616338
UBC8 -6.510638 -3.667246 -4.602056
UBP12 -1.315558 0.820289 0.368683
UBP15 2.812285 0.563389 0.794602
UBP2 -0.811508 -0.686812 -0.081076
UBP3 -3.800441 -2.983939 -1.10353
UBP6 0.589872 0.811887 -1.025491
UBP8 -2.67967 0.726127 0.717568
UBR1 0.509066 1.308607 -0.082024
UBR2 0.37989 0.092824 0.254462
UME1 2.017547 -0.115433 0.54866
UMP1 -0.212346 -1.260383 -2.91875
VAM3 -1.603369 -0.883567 0.222764
VID22 0.984874 0.299707 -1.524755
VIK1 0.289552 -1.01009 0.18361
VPS21 1.915028 0.009382 2.076383
VPS64 -1.41448 -2.10448 -3.063802
VPS70 0.78277 0.547328 -0.225031



VPS71 -0.914211 -0.120922 -1.780155
VPS72 0.214459 -1.657473 -2.749573
VPS75 0.67937 0.231583 -0.650165
WHI2 -2.089911 -0.662684 0.231896
XRS2 0.087415 -2.99672 -0.427072
YAF9 1.198767 -1.313323 -2.49403
YBL086C -0.015625 -0.660599 0.092056
YBR094W -3.52299 -0.404786 0.334427
YBR255W 0.691938 0.593526 0.289768
YFR038W -2.60257 -0.195054 0.08388
YGR071C 2.024295 NaN -0.076258
YHP1 -2.913784 0.062511 0.231402
YHR151C -2.391377 -0.398272 1.117027
YJL169W -4.883736 -0.670736 -0.965215
YJL175W 2.724321 NaN 0.909978
YJR087W -2.281529 0.525065 -0.404626
YKE2 0.000367 1.475698 0.623363
YKL118W -0.394312 0.523612 1.204149
YKU70 1.585882 0.768551 0.919095
YKU80 -1.186445 1.012325 0.203721
YML090W 4.196447 4.385155 4.896059
YML119W -1.806094 0.734388 0.476024
YMR003W -0.722117 0.840831 0.654
YNG2_DAMP 0.181641 0.251176 0.543361
YNL224C -1.3795 0.478691 0.554765
YNL235C 0.218129 -0.820307 0.164605
YOL050C 2.291762 0.520033 -0.072322
YPL114W 1.196732 -0.30667 1.622813
YPR076W -3.511129 0.887518 -0.519897
YPT6 -1.592747 -1.25854 -1.357917
YTA7 -0.108461 -0.70774 -0.764502


